Massive stars are the main objects that illuminate H II regions and they evolve quickly to end their lives in core-collapse supernovae (CCSNe). Thus it is important to investigate the association between CCSNe and H II regions. In this paper, we present emission line diagnostics of the stellar populations around nearby CCSNe, that include their host H II regions, from the PMAS/PPAK Integral-field Supernova hosts COmpilation (PISCO). We then use BPASS stellar population models to determine the age, metallicity and gas parameters for H II regions associated with CCSNe, contrasting models that consider either single star evolution alone or incorporate interacting binaries. We find binary-star models, that allow for ionizing photon loss, provide a more realistic fit to the observed CCSN hosts with metallicities that are closer to those derived from the oxygen abundance in O3N2. We also find that type II and type Ibc SNe arise from progenitor stars of similar age, mostly from 7 to 45 Myr, which corresponds to stars with masses 20M . However these two types SNe have little preference in their host environment metallicity measured by oxygen abundance or in progenitor initial mass. We note however that at lower metallicities supernovae are more likely to be of type II.
INTRODUCTION
Core-collapse supernovae (CCSNe) originate in massive stars ( 8M ), as a result of the gravitational collapse of the iron-group element cores that are the final result of their core nuclear burning. Given their short lifetimes, these massive CCSN progenitors tend to be associated with their birth place (star clusters or H II regions) with only a low possibility of being ejected from their birth place due to dynamical interactions or supernova kicks (De Donder & Vanbeveren 1997; de Wit et al. 2005; Eldridge et al. 2011; Renzo et al. 2018) . With direct detections of CCSN progenitor stars remaining rare (Smartt 2015) , the study of their environment represents a good alternative to put constraints on E-mail: lxiao33@ustc.edu.cn † llgalbany@pitt.edu ‡ E-mail: j.eldridge@auckland.ac.nz § E-mail: e.r.stanway@warwick.ac.uk their characteristics (e.g Williams et al. 2014; Zapartas et al. 2017; Williams et al. 2018 ).
Here we focus on the emission line nebulae, or H II regions, associated with CCSNe. Previous studies of CCSN locations within their host galaxies have claimed various associations with H II regions. van Dyk (1992) undertook the first attempt to assess the CCSNe association with H II regions based on a sample of 38 CCSNe of all subtypes, and concluded that approximately 50 per cent were associated with an H II region, with no statistically significant difference between type II (hydrogen rich) and Ibc (strippedenvelope) core collapse SNe. More recently, Anderson & James (2008) found a low fraction of type II SNe to be associated with H II regions while type Ibc SNe are spatially coincident with them, which led to an interpretation that the progenitors of type Ibc SNe are more massive than those of type II SNe. Crowther (2013) examined the immediate environments of 39 CCSNe in nearby galaxies and obtained similar results to Anderson & James (2008) , but ar-gued that the observed association between certain CCSNe and H II regions provides only weak constraints upon their progenitor masses due to the fact that these CCSN hosts H II regions are long-lived giant H II regions (∼ 20 Myr) rather than short-lived (∼ 4 Myr) isolated, compact H II regions where most star-formation occurs.
Other studies, for example Williams et al. (2014 Williams et al. ( , 2018 , have instead focused on the surrounding stellar populations of CCSNe. By studying the resolved stellar population around the site of a CCSN and assuming the age is similar to that of the progenitor, ages from a few Myrs up to a few ×10 Myrs have been found, in agreement with the range of ages possible for SNe from theoretical predictions (e.g. Zapartas et al. 2017) . The ages and progenitor masses also therefore agree with those for the directly detected SN progenitors (Smartt 2015) .
In addition to estimating the age of a SN progenitor, its metallicity is also important. The gas-phase metallicity can be estimated for the CCSN host environment from emission-line diagnostics. To accurately explain the differences in observed CCSN progenitors we must understand both their ages and metallicities. Prantzos & Boissier (2003) use the metallicity-luminosity relation for late type galaxies and found the observed ratio of type Ibc to type II SNe depended strongly on the metallicity of the host galaxy. In those more luminous and metal-rich galaxies higher ratios of type Ibc to type II are expected. Similar results for the dependence of the relative ratio of SN subtypes on metallicity were obtained by many authors including Prieto et al. (2008) and Graur et al. (2017) for example. We note that stellar evolution theory suggests that this relationship between ratio of SN types and metallicity can provide important constraints on how important stellar rotation and binary interactions are in the evolution of the progenitor stars (e.g. Podsiadlowski, Joss & Hsu 1992; De Donder & Vanbeveren 1998; Heger et al. 2003; Maeder & Meynet 2004; Eldridge et al. 2008; Zapartas et al. 2017) .
Lately, integral field spectroscopy (IFS) has begun to enable larger scale investigation over both spatial and spectral dimensions to investigate SN environments and active star-forming regions. For example, Kuncarayakti et al. (2013a,b) used small-field (6 ×6 ) IFS observations to identify single stellar clusters that had hosted CCSNe. They estimated their metallicity from the measured emission lines via strong-line methods, and their age by comparing Hα emission equivalent width to simple stellar population models. They were able to estimate both the metallicity and initial mass of the CCSN progenitor stars and concluded that, on average, type Ibc SN explosion sites are more metal-rich than type II sites, and that some type II SNe progenitors may have been stars with masses comparable to those of type Ibc SN progenitors.
Another advantage of IFS is that it enables simultaneous investigation of the overall properties of the host galaxy as well as its spatially resolved structure. This allows more constraints on the nature of the progenitors of different SN types, by looking for differences in local environmental parameters, as well as relating them to the overall distribution across the galaxy extent, as shown by Galbany et al. (2014, 2016b) . These works constructed statistical samples to compare the star formation density and metallicity of stars at the locations of different SN types and confirmed that SN Ib/c show the closest relation to star-forming regions and are more associated with metal-rich environments than SN II. Similar results have been found in other recent studies based on different observation samples, such as those studying SN explosion sites with MUSE IFS (Galbany et al. 2016a; Kuncarayakti et al. 2017 ) and PISCO, the largest updated sample of SN host galaxies observed with IFS which consists of 272 SNe including 152 CCSNe (Galbany et al. 2018) .
However, all the above IFS studies assume one (mostly unstated) caveat. That is that above studies all assume stars evolve isolated as single stars. In fact, over 70 per cent stars of massive stars are found in binary or multiple systems (e.g Sana et al. 2012 Sana et al. , 2014 . Binary interactions cause mass transfer between stars and therefore lead to new evolution pathways with respect to single star evolution and substantially change the appearance of stellar populations (e.g Eldridge et al. 2017; Xiao et al. 2018) . In this work, we aim to investigate the effect of interacting binaries on SNe and the emission lines from the nearby host stellar populations. This is then used to constrain the ages and metallicities of the CCSN progenitor population taking full account of interacting binary stars.
To achieve our main aim to explore the effects of binary evolution on the nature of CCSN progenitor stars and their host environment we use the latest BPASS (Binary Population Spectral and Synthesis) models v2.1 (Eldridge et al. 2017 ) and our nebular emission line models that have previously been discussed in Xiao et al. (2018) . Using these we derive the properties of the underlying stellar population from the best-fitting models that match each individual H II regions.
This paper is organized as follows. In Section 2, we describe the characteristics of the observed sample of CCSN host H II regions from PISCO, highlight some important observation quantities and discuss the photoionization map behaviour of these CCSN hosts. Then, in Section 3, we briefly explain our numerical method for nebular emission models and the selection of best-fitting models which is discussed more in detail in Xiao et al. (2018) . In Section 4, we describe the best-fitting models in terms of their oxygen abundance comparing with observed value, as well as other physical parameters that determined the H II region models. Then in Section 5, we included the effect of ionizing photon leakage on best-fitting models and described the results in leakage case compared to those without leakage. Finally, in Section 6, we summarize and give our conclusions.
SAMPLE OF CCSN HOST H II REGIONS
AND DATASET ANALYSIS
Overview of the Sample
The sample of CCSN host H II regions used in this work comes from the PMAS/PPAK Integral-field Supernova hosts COmpilation (PISCO, Galbany et al. 2018) . It is composed of observations of CCSN host galaxies selected from the CALIFA survey and other dedicated programs using the PMAS/PPAK integral field unit with large field-of-view (∼ 1 × 1 sq arcmin). The spectral information covers most of the optical domain from 3750 to 7300Å, with a spectral resolution ranging from ∼ 2.7Å in the blue to ∼ 6Å in the red. 2 centred at the SN location. This is to provide us with adequate signal-to-noise in our spectra, while limiting the observation to the likely host stellar population around the SN site and preventing the varying distance to the host galaxy from causing artefacts in our analysis. We have investigated using different definitions for the "nearby host stellar populations", including using the emission-line strengths from the nearest H II region and from a square arcsecond around the SN location. We find that this choice does not affect our results to a large degree as shown in Appendix B. Again, using the observed flux within 1 kpc 2 allows fair comparisons among SN local environments because the region compared does not vary in each galaxy. If an angular size was used the region integrated would vary as the area would vary with the redshift of each galaxy.
Oxygen abundance
As in many previous studies, we derive the gas-phase metallicity of the CCSN host H II regions from their measured fluxes via the strong-line method. This method is strongly affected by the choice of which strong-line abundance calibrations are used as discussed in Kewley & Ellison (2008) and Xiao et al. (2018) . In this work, we use the most widely used empirical O3N2 calibrator as our standard metallicity calibration which is updated by Marino et al. (2013) using new direct abundance measurement (Te-based) provided by Pilyugin et al. (2010) :
The new calibration was tested by comparison to the measured oxygen abundance of 3423 observed CALIFA H II regions using the multiple line-ratio calibrations (Pilyugin et al. 2010) . This improved O3N2 calibration shows weaker metallicity dependence and a relatively high precision with respect to other abundance determinations. This method was used in Galbany et al. (2016a) and Kuncarayakti et al. (2017) with MUSE data for the emission-line diagnostics of 11 and 83 SN host H II regions, respectively. Figure 1 demonstrates the cumulative distribution of the oxygen abundances of type II and type Ibc SNe separately. The results indicate that these two types of CCSNe span in a similar oxygen abundance range from 8.1 to 8.7 and the main fraction (about 80 per cent) is located in oxygen abundance from 8.3 to 8.6. Due to the steeper increasing trend of type Ibc SNe, their overall metallicity is higher than that of type II SNe. This result is reflected in their average oxygen abundance given in Table 1 . Type Ibc have average of 8.49, slightly higher than type II of average of 8.45.
Equivalent Width of Hα
The Hα line luminosity is widely used to measure the amount of ongoing star formation. The Hα equivalent width (EW), the measure of the relative strength of the line with respect to the continuum, is commonly used to infer age of a starburst. This is reasonable as the strength of this particular line is largely dependent on the ionizing condition of emission nebulae which is dominated by the short-lived massive stars and the continuum light is dominated by the long-lived lower-mass stars. Thus, the Hα EW varies with age and star-formation history of the galaxy. Figure 2 shows the cumulative distribution of Hα EW for our SN hosts sample, where the two SN type hosts have a similar distribution with nearly 90 per cent of SNe having Hα EW below 100Å and above 8Å which indicates most SN host regions have significant hydrogen recombination lines from the nearby stellar populations. These similarity of the distributions is also shown by their almost identical mean Hα EW as seen in Table 1 . Surprisingly a type II SN host has the highest Hα EW of up to 400Å, compared to that of the type Ibc SNe of 250Å. There are many reasons that this might be, but it does indicate that while EW is a useful estimator there are many factors that limit its accuracy in understanding the age of SN progenitors.
In this work we have tested how interacting binaries might affect the accuracy of such age estimates. To do this, we use BPASS models v2.1 emission nebulae models (Eldridge et al. 2017; Xiao et al. 2018) to calculate the Hα EW as a function of age and metallicity using only single stars or binary stars in the stellar population forming the ionizing source, as shown in Figure 3 . We here assume a constant hydrogen density of log(nH/cm 3 ) = 2.0 and ionization parameter log(U) = −2.5.
For the first 3 Myr, both single-star and binary-star models have a high value of Hα EW around 3000Å. Afterwards the Hα EW of single-star models experience an abrupt decrease to less than 1Å in 30 Myr. In contrast, binary-star models have a slower Hα EW decline and have an EW of around 30Å at the same age. This is because binary interactions strongly enhance the emission lines' strength at ages beyond 10 Myr producing a clear difference to single stars, due to the hot WR or helium stars produced at later times via binary interactions (e.g. Van Bever et al., 1999; Göberg, de Mink & Groh 2017; Xiao et al. 2018) The Hα EW is also strongly affected by metallicity as the main-sequence lifetime of massive stars is slightly increased at lower metallicity and stars are more compact and thus hotter. This leads to the low-metallicity model EW decreasing slower than those at higher metallicity. In addition, binary-star models naturally separate into two groups: a low-metallicity group of Z 0.004 that have a long plateau phase up to 20 Myr, and high-metallicity group of Z 0.006 which gradually decreases without the plateau. The plateau is due to inclusion of quasi-homogeneous evolution in low metallicity binary-star systems where mass-transfer has occurred. For stars with metallicities Z 0.004 and initial masses above 20M that accrete more than 5 per cent of their initial mass we assumed to be spun up so rapidly they evolve fully mixed over their main sequence lifetimes. This is discussed in detail in Eldridge et al. (2011 Eldridge et al. ( , 2017 . The mixing significantly extends the lifetime of massive stars in lower metallicity models and they avoid a cool red supergiant phase and thus emit more ionizing photons than they would otherwise.
Using our BPASS EW-age relationship and the metallicity derived using O3N2 calibration, we estimate the age separately for SN II and SN Ibc from the Hα as shown in Figure 4 . As the Hα EW decreases with increasing age we are able to simply estimate the age for all SN hosts. Using only our single-star models most SNe have a progenitor age 20 Myr, while using the binary models leads to most ages being above this maximum with ages up to 200 Myrs being possible. We can conclude that binary interactions can significantly extend CCSN progenitor ages estimated from Hα EW. Although even when using the interacting binary models we note this method of estimating the age is highly uncertain due to the large scatter in the metallicity calibration, the sensitivity of the line strength to assumed metallicity, and also the uncertainties associated with binary fraction estimation. Therefore, this age estimation should only be considered as an upper limit.
Distribution of CCSN Hosts in BPT Diagrams
As in Xiao et al. (2018) , we use the BPT diagrams first proposed by Baldwin et al. (1981) as a basis to study the ionizing conditions of these CCSN host stellar populations and thus refine our estimates of age and metallicity. The distributions of the emission lines from the CCSN host stellar population are depicted in Figure 5 . We compare them with the H II regions taken from van Zee et al. (1998) Table 1 , where type Ibc SNe have slightly lower ratios in log(OIII/Hβ), log(SII/Hα) and log(OI/Hα), but higher ratio of log(NII/Hα).
METHOD
To model the nebular emission from stellar populations we follow the methods described in Xiao et al. (2018) . A short summary of our method is that we use the latest BPASS (Binary Population Spectral and Synthesis) models 1 v2.1 (Eldridge et al. 2017 ) to obtain the input ionizing spectra for CLOUDY 13.03 (Ferland et al. 1998 (Ferland et al. , 2013 ) nebular models. We then use the CLOUDY output models to work out our emission line fluxes and equivalent widths. In addition to varying the input stellar age, initial metallicity and inclusion of interacting binaries we also vary the properties of the surrounding gas by varying the gas density and the ionization parameter.
To aid our interpretation of these CCSN host nebula regions, we use our nebular emission models from Xiao et al. (2018) to predict where stellar populations should lie in these BPT diagrams. Figure 6 shows a selection of our models at ages of log(Age/yr) = 6.5 & 7.0, with a hydrogen density of log(nH/cm 3 ) = 2 over a reasonable range of ionization parameters.
As in Xiao et al. (2018) , the nebular emission models of different metallicities produced 13 separated tracks. The models with lower metallicities (Z < 0.020), extend from upper left to lower right as the ionization parameter decreases from log(U) = −1.5 to -4.5. The three models with the highest metallicities (Z = 0.020, 0.030, 0.040) have a more vertical pathways that fall off with decreasing ionization parameter. At 3 Myr, neither models with too low nor too high metallicity can match the observed CCSN hosts, and models of Z = 0.001 to 0.020 can only go through part of the CCSN host area. But as the population ages to 10 Myr, tracks from single-star models die away quickly. In contrast, those from binary-star models move up and match all the nebula regions. This result again highlights the importance of binary interactions in interpreting the emission lines from these CCSN hosts at later times.
With our full suite of models we are able to perform a maximum likelihood fitting method to derive the preferred model parameters for each observed fitting region, rather than just comparing our models to the observed nebula regions by eye. For full details of the BPASS models, the nebular emission models and the fitting method we refer the reader to Eldridge et al. (2017) and Xiao et al. (2018) . Using these nebular emission line models we derived the properties of the underlying stellar population from the best-fitting models that match each individual H II region, and the bestfitting parameters are listed in Tables A1 and A2 . We first use models that assume that none of the ionizing photon from the host stellar population are lost. Furthermore, we will allow for some ionizing photons leakage or loss.
BEST-FITTING MODELS -NO LEAKAGE

Oxygen abundance measurement
Our best-fitting models are selected based on the emission line ratios and our resultant oxygen abundance for each model is determined by the initial chemical composition for the model set as described in Xiao et al. (2018) . Here we can test the reliability of our best-fitting models by the comparison of the model abundance with those using O3N2 calibration as shown in Figure 7 . In general, our binary-star models match the oxygen abundance in O3N2 calibration better, although there is still considerable scatter around the line of equality. Single-star models show less variance in the distribution and have their oxygen abundance mostly around 8.5. This result may suggest that our final fit for single-star populations is likely to be insensitive to the metallicity compared to the results from our binary-star populations and their best-fits are more dependent on other parameters of the emission nebular that will be discussed in detail in the following section. A lower metallicity model is probably preferred to match the observed emission line ratios to allow for hotter stars in the stellar population that are present in the binary populations. Given the correlation of our model input metallicity with the oxygen abundance in O3N2 calibration as shown in Xiao et al. (2018) , this calibration is a relatively good estimation of oxygen abundance for nearby H II regions with moderate metallicity. In particular our models suggest significantly higher metallicity than derived from O3N2 calibrations for the type II SN hosts with lower metallicities. Therefore, our models predict similar oxygen abundance of the two SN types in a narrow range, which may indicate that the metallicity of the two SN types may not differ much in nearby galaxies.
Oxygen abundance variation with respect to U, nH and Age
While the oxygen abundances derived from our best-fitting models are important, the other input model parameters, ionization parameter U , gas density nH/cm 3 and the age of the inner ionizing stellar population source tells us more about the surrounding environment of the SN and its stellar siblings. Table 2 provide an overview of the average of bestfit parameters. We note the similar average oxygen abundance and similar age between single and binary populations, but a larger oxygen abundance variance appears in binary models as discussed before and larger age variance in single population. In addition, binary population are distinguished from the single populations with the lower ionization parameter and higher nH.
Figure 8 displays how oxygen abundance in our fits are related to these parameters for both SN types separately. We note that these SN nebular regions have a different log(U) distribution for our binary models compared to that of expected for normal young H II regions like those in van Zee sample we have studied previously (Xiao et al. 2018) . First, there is only a weak trend between oxygen abundance and log(U) distribution with most binary-star models concentrated between log(U) = -3.5 and -3.0, with higher values at lower metallicities. This suggests a significantly lower ionization state in these CCSN nebula regions than in young H II regions where log(U) up to -1.5 is more typical. These lower log(U) values are consistent with the CCSN regions' position in BPT diagrams, traced on the bottom region of the H II region sequence. For single-star models, they all have surprisingly high values of log(U) varying from -3 to -1. For both model sets there is little or no difference between the SN types.
In addition, the oxygen abundance variation with respect to the gas density log(nH/cm 3 ) is also shown in Figure 8 . For both type II and Ibc SNe, binary-star models vary over the full range of gas density. In contrast, most singlestar models are concentrated at the highest hydrogen density in our model of log(nH/cm 3 ) = 3.0. We find this difference in density is closely correlated with ages of the inner ionizing source. Most typical H II regions are young with ages below 10 Myr, these CCSN regions from the binary model fits mostly have ages beyond 10 Myr. This is consistent with their lower log(U) as less ionizing photon production occurs at later ages. In comparison all the single-star model fits pile up at 10 Myr.
While the metallicity is determined primarily from the abundance of the gas being ionized the other parameters are mostly determined by the ionization photon spectrum from the stellar population. The difference here between the single-star and binary models is because the interacting binaries allow hot stars to exist at ages beyond 10 Myr where in the single star models none exist. Therefore to achieve a fit the single star models have to resort to high gas densities, and high ionization parameters to match the observed emission-line fluxes. The ages all then sit around 10 Myrs because this is the time when the EW of the lines decreases to match the observed values. Since the hardness of the ionizing spectra also drops off, a very short lived phase in the single star models satisfies both ionizing spectrum and line strength constraints for the majority of the models. By contrast, the evolution is more gradual and there is a wider range of possible ages in the binary models. The values from the binary star fits appear to be more sensible and relatistic when compared to the estimated age of the stellar populations. Importantly we detect no SNe that occur in a very young H II region hosting very massive young stars. There is a strong consensus here between single and binary star models that different types of SNe all arise from progenitors with ages beyond 10 Myr, equivalent to less-massive progenitors with initial masses less than 20 M .
THE EFFECT OF IONIZING PHOTON LEAKAGE
In the above analysis we have assumed that every ionizing photon emitted from the stellar population contributes to the emission nebula flux. However we know that in many regions some of these ionizing photons are lost, either by being absorbed and heating dust grains, or simply escaping from the gas cloud before they have a chance to interact. In Xiao et al. (2018) Figure 7 . Predicted oxygen abundance from best-fitting models comparing with those using O3N2 calibration. It shows the comparison between single-and binary-star models separately for type II SN hosts in the left and type Ibc SN hosts in the right. Single-star models are presented by the black crosses with error bars and binary models are the red (SNe II) and blue (SNe Ibc) circles with error bars. Table 3 . Including ionizing photon leakage, the average value and standard deviation of oxygen abundance 12 + log(O/H), ionization parameter log(U), hydrogen density log(n H /cm 3 ), and age, derived from best-fitting models. photon leakage on reducing emission line strength and how this altered the fit of models to H II regions. In general we found that the best-fit age with leakage included leads to the generally younger H II regions, where the high EW values of the models meant they were otherwise disfavoured in the fitting calculation. In this section we allow for this leakage or loss of ionizing photons to see if the derived ages change.
Oxygen Abundance
First, including ionizing photon leakage has a strong affect on the oxygen abundance measurement as shown in Figure 9 .
There are clear differences in oxygen abundance estimation compared to previous models without ionizing photon leakage. Both model sets now have a more linear relationship to the oxygen abundance estimated from the O3N2 method.
However there is a significant off-set between the single-star and binary models. The difference can be explained in that to achieve the same strength of the ionizing spectrum single stars prefer lower metallicities where the average stellar temperatures are higher. The binary models on the other hand have hotter post-main sequence stars, even at higher metallicities, so do achieve a reasonable fit without needing to decrease to a low metallicity. However we again see no clear distinction between the range of host metallicity in the two CCSN types. Therefore, we can suggest the similar ionizing photon leakage effect for these two CCSN hosts is probably due to similar ISM distribution within their host H II regions. Compared to the average oxygen abundance and other physical parameters of the best-fitting models listed in Table 2, Table 3 stresses again that including ionizing photon leakage can change these best-fitting parameters a lot. Binary-star models increase their average oxygen abundance by nearly 0.2 dex, while the average for single-star mod- . The variation of oxygen abundance with respect to ionization parameter log(U) for the SN hosts in the top panels, log(n H /cm 3 ) in the middle panels and log(Age/yr) in the bottom panels, with the left panels for type II hosts and the right panels for type Ibc hosts.
Single-star models are in black crosses with error bars and binary-star models in red (SNe II) and blue crosses (SNe Ibc) with error bars. Figure 9 . In ionizing photon leakage case, predicted oxygen abundance from best-fitting models comparing with those using O3N2 calibration. It shows the comparison between single-and binary-star models separately for type II SN hosts in the left and type Ibc SN hosts in the right. Single-star models are presented by the black crosses with error bars and binary models are the red (SNe II) and blue (SNe Ibc) crosses with error bars. els decreases by about 0.1 dex. For single-star models, this change of oxygen abundance is combined with log(U) a factor of two lower and a significant decrease in age, while little difference in hydrogen density log(nH/cm 3 ). The binary-star models also experience a corresponding decreases in age, but have almost no change in log(U) and a slight decrease in log(nH/cm 3 ). Therefore, we suggest that the most important impact of ionizing photon leakage are the reduce of age and corresponding variance in oxygen abundance.
Oxygen abundance variation with respect to U, nH, and age
When we consider the other model parameters we obtain from our fit we again find that including ionizing-photon leakage leads to very different results. Again the distributions of these two CCSN types are very similar but show differences compared to the previous result shown in Figure 11 . Now single-star models have shifted to lower ionization parameters, with log(U) between -4 and -3, just as for the binary-star models. In addition, we find the bestfitting models including ionizing photon leakage show more preference for lower gas densities compared to previous models, although a significant fraction of the binary star models still prefer a high density with log(nH/cm 3 ) = 3. The most significant difference is that the single-star models become much younger with ages all below 3 Myr except a few outliers. This also occurs for the binary-star models but more moderately so; most of the ages are between 10 to 30 Myr. All the single-star models are too young to be a reasonable age estimate of the SN progenitors. Even the most massive stars have a minimum evolution lifetime of the order of 3 Myr. The binary-star model age and metallicity range agrees with similar observational constraints for detected SN progenitor detections (Smartt 2015) and from resolved stellar populations (Williams et al. 2018 ). These ages imply initial masses for most of the supernova in our sample of approximately 8 − 20 M . This result implies that all these observed CCSNe arise from stars with initial masses 20M . This is approximately the mass above which it is expected that corecollapse produces black-holes that may not lead to visible supernova (e. . In ionizing photon leakage case, the variation of oxygen abundance with respect to ionization parameter log(U) for the SN hosts in the top panels, log(n H /cm 3 ) in the middle panels and log(Age/yr) in the bottom panels, with the left panels for type II hosts and the right panels for type Ibc hosts. Single-star models are in black crosses with error bars and binary-star models in red (SNe II) and blue circles (SNe Ibc) with error bars. of type Ibc events drops off sharply, while type II SNe drop off less rapidly and so become relatively more common.
The extent of remaining ionizing photons
Given that a large fraction of ionizing photons must escape to provide the best fits to the data, it is interesting to consider the fraction of remaining ionizing photons, which are absorbed and processed by the nebular gas. Xiao et al.
(2018) discussed the remaining ionizing photon fraction as a function of age in HII regions in nearby dwarf and spiral galaxies. Here, figures 12 and 13 present the fraction of photons remaining to interact with the nebular gas after accounting for photon leakage, frem, as a function of age and EW respectively for CCSN host regions. Compared to the equivalent fraction in Xiao et al. (2018) , the CCSN hosts experience more ionizing photon leakage, with roughly an order of magnitude lower frem for single-star models, while in the binary model fits, the typical remaining fractions are a factor of two lower than in our previous study. This is a corollary of the young ages required in the single model fits -the observed data require a very high photon production rate to explain the ionization state but must then lose most of the photons in order to explain the recombination line equivalent width. For binary stars, already a more efficient source of hard ionizing photons, a smaller escape fraction is required. The 50 per cent ionizing photon leakage typically required by binary-star models is consistent with the fact that CCSN hosts are relatively old and more defused nebulae, through which ionizing photons may have a sufficiently long mean free path to escape without interaction.
DISCUSSION AND CONCLUSION
In this paper we have attempted to constrain the age and metallicity of nearby SN progenitors by modelling the nebular emission lines from the stellar populations surrounding the SN site. Using single-star stellar populations, We have found that emission line ratios imply a combination of unrealistically dense gas, young stellar populations and high ionization parameters. In comparison models that take account of interacting binary stars provide a much better and more realistic parameters for the SN progenitors. The estimated model parameters have lower gas densities, lower ionization parameters and older ages that would be expected for stellar populations where the bulk of SNe should occur. Figure 15 . The EW of Hα vs derived age from EW-based method and best-fitting models with and without ionizing photon leakage. The black dots represent the EW-based ages, the green triangles and yellow squares are ages from no-leakage and leakage bestfitting models respectively.
The nebular regions hosting CCSNe must already have lost their most massive stars, which collapse to black holes and are unlikely to form optically-luminous transients, or alternatively evolve into ultra-luminous and very rare transients. Instead they must be old enough to reach the terminal age of somewhat less massive stars which die as normal supernovae. They should thus differ from the very young, often ultraviolet-or Hα-selected, star-forming regions which are dominated by the most massive stars and are more conventionally identified by H II region surveys. These regions have high ionization parameters and gas densities (e.g Xiao et al. 2018) and so the fact that our binary model fits are not like this is consistent with what we should expect. An important question is to decide whether we should favour our derived parameters assuming leakage or no leakage. To answer this question we first consider Figures 14, 15 and 16 that compare the predicted age of the SNe from the three methods to determine the age, Hα EW and emissionline fitting without and with ionizing photon leakage. We see that the Hα EW age and no-leakage emission-line fits agree closely. This reflects the fact that Ha EW drives the age in our fitting algorithm, while the line ratios are more sensitive to alternate parameters. However allowing for leakage decreases the ages derived from the emission-line fits. For the single star models these ages are unrealistically young at 3 Myr and below. While for the binary models the change does allow the ages to be more plausible, with most lying between 10 and 30 Myr.
Theoretical predictions on the age distribution of SNe in both Zapartas et al. (2017) and Eldridge et al. (2017) show that the SN rate is highest at younger ages and decreases as older ages. This is because even though there are more lower mass stars, their evolutionary timescale becomes more dependent on mass and so they are spread out over a larger time. We see that for our preferred binary models assuming leakage there are some SNe with ages down to 6 Myr the majority have ages of 10 Myr and above. This agrees with the initial mass range at which there is a change in remnant formation from neutron stars to black holes, at round 20 M (Eldridge & Tout 2004 ), although we note that the situation might not be a simple as there being one single cut-off mass (e.g. Sukhbold & Woosley 2014; Ertl et al., 2016) . In the noleakage case the majority of our derived SN ages are beyond 30 Myr and up to 100 Myr when these should be the rarest events. Therefore this suggests that our derived ages with leakage are a more accurate age estimate for the SN progenitor. This leakage fraction will also incorporate a factor of dilution of the emission lines from any underlying old stellar population that may also be contributing the the continuum flux.
An important deduction we can make from Figures 14 and 16 is why using single-star Hα EW provides a reasonable age estimate for SN progenitors. The difference in the single-star EW ages and the binary models with leakage is only approximately 0.2 dex. Thus one simple conclusion we could make is that all SN progenitor ages derived by Hα underestimate the stellar population ages by approximately 60 per cent and thus overestimate the initial progenitor mass (e.g. Chen et al. 2017) . In Figure 15 we show that it is possible to use our work to calibrate a crude but broadly correct Hα EW to age relation. However this relation shows a large scatter due to the range of metallicities and gas conditions in the sample and we highly recommend that an age should be derived using a full set of nebular emission lines to provide greater accuracy.
A final view on our results is the relationship between, metallicity and progenitor age. We see in Figure 10 than in general the two different types of SNe cover a similar range of ages and oxygen abundance values but the oldest progenitors are of type II as well as the lowest metallicity events. This is in agreement with such predictions as Heger et al. (2003) and Eldridge & Tout (2004) because these stars experience less mass loss over their lives. The older, less massive stars have weaker winds while at lower metallicities line-driven winds are weaker for stars of the same metallicity.
A clear way to see this is for us to relate the age of our progenitors to an effective initial mass by using our singlestar models to create a relation between age and mass. Using these values we then create Figure 17 , which is similar to the widely used figure in Heger et al. (2003), which shows the regions where different SN types occur in initial mass versus initial metallicity space. These figures show similar structures to our earlier attempts at these figures in Eldridge & Tout (2004) . Here however we use oxygen abundance rather than metallicity mass fraction to measure the metal enrichment. The first panel which shows where different SN types occur for single stars demonstrates that for the initial masses and metallicities we derive all SNe in our sample should be type II. Therefore most SN progenitors cannot arise from single star progenitors.
Creating a binary version of these progenitor figures is difficult as there is no longer a direct connection between initial mass and final evolutionary outcome. This is because of the many diverse possible evolutionary pathways that become possible due to binary interactions. Thus in the second panel of Figure 17 we plot contours of the ratio of the number of type II to type Ib/c SN. We see that at high masses and metallicities most of the SNe are type Ib/c due to stellar wind mass loss. At lower masses, especially at lower metallicities, most SNe are type II because even though binary interactions might remove a significant amount of surface hydrogen the stellar winds are unable to remove the remaining hydrogen before core collapse.
The location of the SN progenitor masses and metallicities we derive here broadly agrees with these models. A mix of events occur close to the even mix of SN types while more type II occur relative to type Ib/c where this is predicted. It is important to note that the same models that went into the creation of the contours in this figure are also those that are used to evaluate and characterise the stellar population at the location of the SNe, and hence estimate the progenitors. However different aspects of those models were used. For example, how much hydrogen remains at the end of the progenitors' lives were used to estimate their type, while for the emission-line fitting we used the total luminous output of the stellar models at the same age. Therefore a key result from this figure is that the average SN types we infer from the surrounding emission line output of a living stellar population is related to the most likely SN type, i.e. if there are a number of stars that have lost their hydrogen envelopes to form helium stars then the emission lines will reflect that and it will be more likely that a type Ib/c will occur. In the reverse situation, fewer stars will have lost their hydrogen envelope, so fewer hot helium stars contribute to the stellar population, and type II SNe become more common than type Ibc.
These helium stars are a common prediction of stellar models that include binary interactions. Although they have not yet been observed in our own Galaxy we can be sure from their impact, in the ionizing photon production in galaxies (Göberg, de Mink & Groh 2017; Stanway et al. 2016 ) and in creating type Ib/c SNe, that they must exist (Eldridge et al. 2013; Eldridge & Maund 2016) . These stars, while currently "invisible" nearby in our Galaxy, have important impacts on more distant stellar populations. Ignoring them can lead to inconsistencies and errors in studies of stellar systems, especially in young populations where the binary fraction is high.
Our main conclusions of this work are as follows, (i) To accurately understand the emission line nebulae at SN sites we must account for interacting binaries in the stellar populations and allow for some loss of ionizing photons.
(ii) When we derive our best-fitting ages for SN progenitors we find assuming binary stellar populations that both type II and type Ibc SN progenitor typically have ages of 10-30 Myr, and therefore they are less-massive stars with initial masses M 20 M .
(iii) We find no single, monotonic relation between metallicity, initial mass and eventual SN type as predicted for single stars in Heger et al. (2003) . Instead binary interactions must be taken into account and we find that the expected mean SN type is related to the emission nebula created by the stellar population surrounding the SN site.
(iv) It is possible to derive an approximate relation between the age of a SN progenitor and the Hα EW, however a more accurate age can be derived by using all available emission lines.
These findings strongly indicate that modelling the nebular emission from stellar populations including interacting binaries must be included. Using the techniques we outline here will provide a new rigorous method to understand corecollapse SNe.
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Hα EW as age indicator
Age estimation in no-leakage case Age estimation in leakage case Figure 16 . The fraction of CCSNe as a function of age derived in three methods: directly from Hα EW (top panels), best-fitting models without ionizing photon leakage (middle panels) and best-fitting models including leakage (bottom panels). The left panels show the fraction distribution for SNe II and the right panels for SNe Ibc. The black bars are for single-star models and red (SNe II) and blue pattern (SNe Ibc) bars are for binary-star models. Figure 17 . The predicted number count ratio of SN type as a function of initial mass and metallicity, compared to observational data (type II in red crosses, type Ibc in blue diamonds) from the best-fitting models accounting for ionizing photon loss. The contours are annotated with the fraction of supernovae that are type II at that contour. The thick black line represents the minimum initial mass for SNe to occur. Table A1 . In no-lekakge case: the best-fitting parameters, log(Age/yr), log(n H /cm 3 ), log(U ), 12 + log(O/H) for each CCSN host H II regions, from single-star and binary-star populations. Table A2 . In lekakge case: the best-fitting parameters, log(Age/yr), log(n H /cm 3 ), log(U ), 12 + log(O/H) for each CCSN host H II regions, from single-star and binary-star populations. 
SN
